The fragmentation of methionine in field desorption mass spectrometry has been studied. Decomposition mechanisms are described which are based on stable isotope labelling, low and high resolution field desorption, and the application of field desorption kinetics. The combined use of these techniques for the study of some fundamental fragmentations in field desorption is demonstrated successfully. Further, a comparison with the fragmentation pattern of methionine under electron impact, chemical ionization and Curie point pyrolysis is given.
Introduction
Field desorption* (FD) mass spectrometry (MS) is an established tool for molecular weight determination of highly polar and/or thermolabile substances [1] . In addition to intense molecular ions or cationized molecules [2] [3] [4] [5] [6] , thermally/field induced fragmentation is often observed which can be useful for structural studies. However, an essential prerequisite for the interpretation of these spectra is the basic understanding of the characteristic features for fragmentation in FD-MS. The ability to identify the fragmentations is critical for the correct assignment of a structure, in particular when working with unknowns. The general features in the FD spectra of labelled model substances can aid the required knowledge for structure elucidation.
The positive ion chemistry of methionine upon electron impact (EI) has been studied by low resolution [7] , high resolution [8] and by high resolution in combination with deuterium labelling [9] . It was shown that the fragmentation behaviour could be explained by the concept of charge localization [9] . The negative ion mass spectrum of methionine has also been reported recently [10] . The fragmentation pattern of protonated methionine generated in a chemical ionization (CI) source using * For a brief and intelligible introduction into the principle and techniques of field desorption see ref.
[Id].
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CH4, H2
, and deuterated analogues as reactant gases, indicated an extensive intramolecular proton transfer in [M + H]+ ions prior to fragmentation [11] . Intramolecular interactions between the aminoand hydroxyl-group appear to govern the main breakdown pathways upon Curie Point pyrolysis as indicated by the investigation of the pyrolysis products by low electron energy EI-MS [12] .
In the present FD study the a-amino acid methionine has been selected as model compound because it has been the subject of comprehensive mass spectrometric studies thus enabling us to compare the FD results with those obtained from other ionization techniques.
Experimental

A. General
FD emitters used in all experiments were prepared by high temperature activation of 10 /urn diameter tungsten wires [2] . The distribution and morphology of the microneedles produced were as shown previously [1] . FD emitters with an average length of 30 //m for the carbon microneedles were used as standards. The control of the ionization efficiency and adjustment of the FD emitter were achieved by maximizing the m/e 58 signal of acetone in the field ionization (FI) mode. The solvent used for all compounds was water. The label contents of the methionines were: di-analogue (2): 95.3% di; da-analogue (3): 95.0% d3, 2.0% d2, 0.7% di, 2.3% d0; d4-analogue (4): 89.2% (L,, 6.3% d3, 4.9% d2, 0.4% dx, 0.2% do.
B. Low resolution FD, FI, field desorption kinetic (FDK), and metastable peak measurements
These measurements were performed using electrical detection on a Varian MAT 711 double focus-sing mass spectrometer coupled to a Spectro System MAT 100 data acquisition unit. For the FD experiments emission-controlled FD [13] was used at a threshold of 4 x IO -9 A measured between the field anode (+8.48kV) and the slotted cathode (ground potential), 1.5 mm distance apart. The samples were loaded with the dipping technique. The details of the FDK experiments were the same as published previously [14] . The FI spectrum was measured at an emitter current of 15 mA while methionine was introduced with a direct insertion probe at 160 °C into the ion source operating at 200 °C.
C. High resolution FD measurements
The high resolution FD spectra were produced on a modified CEC-21-110B instrument by the photographic detection system with vacuum evaporated AgBr plates (Ionomet, Waban, Mass.). The resolution obtained was better than 15000 (at half peak width) and the average accuracy in the mass determination was ± 2 millimass units. For accurate mass measurements (in the text and in the Figures the theoretical masses are given) reference masses were taken from the FI spectrum of perfluorotributylamine. The high resolution FD spectra were also produced by emission-controlled FD-MS at a threshold of 1 X IO -8 A measured between the field anode and the slotted cathode plate 2 mm apart and operated at + 10 kV and -2 kV accelerating voltage, respectively. The recorded mass range on the photoplate extended from m/e 17 to m/e 560. In general 1 fig was applied as sample to the emitter via the syringe technique.
Results and Discussion
A. Low-and high resolution FD spectra of methionine
Figure 2a-d represents the low resolution FD spectra of methionine-do (1), -di (2), -d3 (3), and -di (4), electrically recorded.
In Figure 3a -d the high resolution FD spectra (photoplate recording) are shown. The photoplate spectra contain all the ions formed during the whole desorption process while the electrically recorded spectra contain only those ions generated during the period of constant emission. This is illustrated by the presence of [Na]+, [K]+, and typical salt cluster ions like [Na2Cl] + , [K2C1] + , etc. in the high resolution spectra which are generated during the last part of the desorption process from salt contaminations. The sensitivity for compound 4 appeared to be considerably less than for the other compounds which can be attributed to the presence of higher concentrations of alkali salt impurities.
Because of the small dynamic range of the photographic detection system the observed ion intensities cannot directly be correlated to the true isotopic pattern of the recorded ions. That this effect is due to the ion response of the photographic emulsion can be seen by comparison of the molecular ion group in the photographically recorded spectrum of methionine-do (Fig. 3 a) with that in the electrically recorded spectrum (Fig. 2 a) .
From the FD spectra the following observations can be made:
a) Molecular ion [M]+ and quasi-molecular ion [M-\-H]t.
The base peak in the spectra of all compounds 1, 2, 3, and 4 corresponds with the [M]f ion. The correct assignment of the [M]+ ion is strongly supported by the presence of [M]++ ions as has been reported previously [15] . Also a large [M+H] + peak is found. If only low resolution data can be obtained, cationization due to minor alkali salt impurities (or added on purpose) can be used (Fig. 3 a) . Cationization is also observed for the sodium salt of methionine which is present to a small extent (Fig. 3 a) . Additional information concerning the structure and the position of the deuterium label is obtained by the examination of an ion type III. At m/e 102.056 for 1 and 3 and at m/e 103.061 for 2 this characteristic fragment ion was found with relatively low abundance. It could only be detected for compound 4 under low resolution conditions. Complementary to ions of type III are the ions formed by direct bond cleavage at the sulfur atom with concomitant protonation: m/e 48.003 [CHaSHJt for compounds 1, 2, 4, and m/e 51.002 [CD3SH]t for 3 as can be expected for the perdeuterated terminal methyl group. At first sight the formation of these ions could also be due to pyrolysis followed by FI. This possibility is discussed in section C.
The ions generated by direct bond cleavages of the terminal carboxyl function or alternatively by loss of formic acid (or H2O and CO in one step) from the protonated molecule are very intense. This is discussed in Section B.
c) Doubly charged ions: The formation of doubly charged ions [16] is known to occur via an adsorbed state of singly charged ions on the emitter. Because such surface interactions can occur at radical sites on the emitter one observes doubly charged ions originating from radical cations to be generally favoured over those originating from cations of almost similar structure (for instance a difference of one hydrogen atom 
B. Unimolecular gas phase decompositions
The field desorption kinetics technique [14] can be used to detect unimolecular gas phase decompositions over a broad time range. In principle it is similar to the field ionization kinetics (FIK) technique [la, 17] the only difference being that the sample is not transported after evaporation through the gas phase into the ionization region but rather is directly loaded on the emitter. In this way FDK offers the possibility to study gas phase decompositions of ions produced from unvolatile or thermally unstable compounds. The desorption of the sample, however, must be very stable. This can be realized Table II , it is clear that at ~ IO-5 sec an almost complete randomization prior to loss of H2O from [M]t has taken place. More mechanistic information is revealed by the percentages for loss of H2O, HDO, and D2O calculated from the FD spectra: compound 3 appears to loose almost exclusively H2O indicating that randomization of the methyl hydrogens cannot compete with the H2O expulsion at times < IO -10 sec. From the HDO/D2O ratio of ~10 for compound 4 it can be concluded on statistical grounds that in this case only two deuterium atoms are involved in the randomization, presumably those from the methylene group adjacent to the sulfur atom, i.e. in position 4.
Compound 2 shows a high percentage of HDO loss indicating that probably two mechanisms are competing with randomization at short times:
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So, with regard to the randomization the conclusion may be drawn that the methylene hydrogens of position 4, the hydrogen of position 2, and the NH2/COOH hydrogens are already involved in randomization processes at short times and that all hydrogens are interchanging at 10 5 sec. This was already suggested from the EI results [9] which represent an integrated view over 10 -6 sec as shown by the intermediate EI values in Table II. The peak at m/e 133 in Fig. 2 a can be fully attributed to an isotope ( 34 S) of the [M-H20]t peak. The abundance of m/e 132, however, is about the same as that of the [M-H20]t peak in the FD spectrum (Fig. 2 a) and only slightly higher than the isotopic contribution ofthat peak at times > IO -10 sec. From decompositions in the first and second field free region the precursor ion of m/e 132 appears to be the [M+H] + ion. This gives therefore definite evidence for the existence of an elimination of H2O from the protonated molecular ion. It is quite possible that at short times a substantial contribution also arises from the loss of NH3 from the molecular ion because the latter elimination is also found upon FI (no significant [M+H]+ present), see Fig. 5 .
b) The formation of m/e 61: The ion with nominal mass 61 in the FD spectrum of 1 shifts to m/e 64 in the FD spectrum of 3 (Fig. 2) . The retention of the methyl hydrogens points directly to a mechanism for the formation of m/e 61 completely consistent with that proposed in an EI study [9] : c) The formation of m/e 88: The shift of this peak in the FD spectrum of 1 to m/e 91 in that for 3 and to m/e 89 in that for 2 ( Fig. 2 , see also Table II) can again be explained as suggested in the previous EI study [9] :
The expulsion of methanethiol from the molecular ion to give m/e 101 is a very weak process (< 1%) upon FD (Fig. 2 a) . The shift of this peak to higher mass in the spectra of the labelled compounds is obscured by the occurrence of a group of peaks at m/e 101-m/e 105. This is not the case for the unimolecular gas phase decompositions (see Table I ) in which a peak at m/e 101 is observed for 1 and 3. Compound 2 shows retention of the label, therefore a peak is found at m/e 102. Due to the missing information of 4 no reliable mechanisms can be proposed, although it is clear that the expelled methanethiol contains the original CH3 group.
e) The [M-COOHJ+ ion: By high resolution measurements the elemental composition of m/e 104 in the FD spectrum (Fig. 3 a) is found to be C4H10NS which could be formed either by fragmentation of
Hardly any gas phase decompositions could be detected for this fragmentation (see Fig. 6 at voltages > 8650 V). In the FI spectrum of methionine (see Fig. 5 ) a peak at m/e 104 with similar intensity is also found while in that case hardly any Table I ) which points to loss of H2O and CH3 or vice versa from [M]t as found upon EI [9] .
C. Comparison of FD with EI, FI, CI, and Curie point pyrolysis
The interpretation of the FD fragmentation pattern of methionine appears to be rather complex which arises from the fact that decomposition products can be formed via gas phase decompositions from [M]t or [M+H] + ions and by surface processes. From the present results the conclusion can be drawn that the main fragmentations upon FD originate from the molecular ion, resembling FI. The similarity between the FI and FD spectra are due to the fact that methionine is still volatile enough to be evaporated without decomposition. The very characteristic doubly charged ions are only found upon FD.
The [M+H]+ ions generated upon FD are much less excited than those formed upon CI using CH4 as reactant gas (see Fig. 5 ). Upon CI [18] the formation of m\e 104 (C4H10NS) from [M+H]+ is the main process [11] which is not the case in FD where the molecular ion appears to be the precursor of this ion instead. Only loss of H2O from protonated methionine is observed upon FD to give ions at m/e 132. The latter ions are also generated upon CI, but arise then from the [M+C2H5]" 1 " ions by loss of CH2O2. The present unimolecular gas phase decompositions studied are mechanistically similar to those reported for EI [9] .
In the case of methionine we also adressed ourselves to the question whether or not already some pyrolysis products are produced during the desorption period. The main products observed in the pyrogram [12] (Fig. 3) . Ions with elemental composition CH3SD as have been observed upon pyrolysis are not found giving evidence against a pyrolytic formation. The [C4H7SN]t ions can not be studied accurately as noted in section B but at least a large part is formed by unimolecular gas phase decompositions, so also in this case it is very unlikely that pyrolytic processes occur. 
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